density; and, consequently, should prevent overheating or blistering of the membrane and damage to the membrane due to nonuniform current distributions and impurities. Summary TOPAZ3D (5) can be used to determine current density distributions in electrolysis cells as demonstrated for a section of a bipolar, chlor-alkali membrane cell. The current density for the electrolysis cell considered here was about 0.62 A/cm 2. The resulting current density in a typical boss portion of the cell was about 25 A]cm 2. However, because of the highly conductive electrodes used in the cell, the current density distribution through the membrane portion of the cell was found to be essentially uniform.
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LIST OF SYMBOLS i current density vector, A/cm 2 is,i current density on surface segment i, A/cm 2 nx, ny, nz dimensionless directional cosines x, y, and z coordinates in cm Current density distribution is an important consideration for those involved in designing electrochemical systems and electroplating systems in particular. Although it is important, the common practice in industry is to use trial and error to determine designs that optimize current density distributions in electroplating. The purpose of this paper is to illustrate the use of the finite element method (FEM) to predict three-dimensional current density distributions.
Two-dimensional FEM has been used successfully in modeling corrosion systems (1) (2) (3) (4) (5) (6) (7) (8) , electrolyzers (9) , and three-phase cells (10, 11) . Alkire, Bergh, and Sani (12) were among the first to apply the finite element method to electrochemical potential distribution problems. They studied the shape changes in electrodes during electrodeposition. The system studied was composed of a cathode made with parallel metal strips separated by an insulator and an anode at a fixed distance. Transient analysis using the FEM provided a time history of cathode shape during deposition. Finite element results agreed to within 2-5% of the analytical solutions. Micromechanics of multilayer printed * Electrochemical Society Student Member. ** Electrochemical Society Active Member.
wiring boards have also been studied using the FEM. Lee et al. (13) studied the thermomechanical strain in printed wiring boards. They constructed a finite element model for both plated through-holes and buried via structures to calculate the stresses in the copper barrel and at the via junctions.
An illustrative example of the use of the FEM in electroplating is given by Matlosz et al. (14) . In their paper they compared the finite element solution of current densities in a Hull cell to those obtained experimentally and through the boundary element method (BEM). The Hull cell is used commonly for visual measurement of the quality of electrochemical solutions (15) . Most plating solutions are tested using a current of 2A and a plating time of 10 min (16) . The slanted cathode used in this cell allows for a range of current densities, and how much of it is covered with deposit will depend on the quality of the solution. TOPAZ2D (17) and TOPAZ3D (18) are finite element codes designed specifically for heat transfer problems. ments do not have; namely, they can handle systems with internal boundary conditions which may be jump conditions. Darcy and White (21) used this feature in their work with stacked bipolar plates. To illustrate the versatility of these codes, a modified Hull cell was conceived as shown in Fig. 1 . A wider range of current densities on the cathodes is made possible by slanting the bottom (with respect to the z axis) of the anode 34 ~ toward the cathode.
Method
As shown by Darcy and White (21) Assuming that no concentration gradients exist in a region t), the current density i is given by Ohm's law
The boundary conditions at the surfaces F~ are given by the outward normal gradient of where n~, n~, and n~ are surface normal unit vectors, and i~,~ is the normal component of density defined by the ratio of the current that passes through F~ and the projected area of that surface segment. For insulated surfaces, i,4 is equal to zero. At the electrodes the boundary condition is described by the Butler-Volmer Eq. [22] (_ R ,-exp, [4] where i~ is the normal component of the current density vector, io is the exchange current density, F is Faraday's constant, T is the absolute temperature, a, and ac are anodic and cathodic transfer coefficients, respectively, and is the activation overpotential [V~ol~d(x, Y, z) -~)solution(X, y, z)]. For sufficiently small activation overpotentials, Eq. [4] can be linearized to and is proportional to the ratio of the charge transport resistances at the surface of the electrode and through the solution. Equation [7] , [8] , and [9] have simple heat transfer analogues with the latter resembling a convection-type boundary condition.
Results and Discussion
Following Matlosz et al.'s work (14) , the parameters in Table I were used for Wa values of 0.2 and 5.0. A system of 6800 nodes (5776 elements) was used to solve for potentials and current densities. The output from TOPAZ3D was modified by deleting all lines not pertaining to nodal coordinates and local current densities and the remaining data were used as input to a data postprocessor. The data postprocessor is a FORTRAN code that calculates the average current density iavg by taking the square root of the sum of the squares of the current density components ix, iy, and iz at each node. This code also calculates the current density distribution and presents the results in such a format that they can be used in a three-dimensional plotting routine. For the case at hand, the distributions were calculated along slices of the domain representing the electrode/electrolyte interfaces.
The flexibility of TOPAZ3D and INGRID was stressed by calculating the current density distributions on a modi- fled Hull cell. In this cell, the anode was slanted toward the cathode to make an uneven gap between them. In the area of high proximity between the electrodes, the gap width varied between 0.5 and 4.8 cm. Figure 2 presents the current density distributions for the cell of Fig. 1 and the parameters given in Table I . Following the principles given by Ibl (15) and Newman (22) , for the larger Wa the distribution is more uniform and for the smaller number, a primary current distribution is approached. In the latter case the charge-transport resistance at the electrode surface (kinetic resistance) is less than the transport resistance through the solution (ohmic resistance). The larger Wa distribution tends to be more like a secondary type in which the activation overpotential is no longer negligible and the kinetic resistance is greater than the ohmic resistance (15, 22) . As expected, a sharp increase in the current density is observed at the point of minimum gap width, even for a system with a large Wa. In closing, TOPAZ3D could be used to study micro-and macroscale electroplating systems. More complex systems such as those fitted with interior current collectors could also be analyzed with TOPAZ3D, since the internal boundary element feature found in TOPAZ2D (17) and used by Darcy and White (21) has been recently added to TOPAZ3D.
Summary
Using dimensionless variables in the governing and boundary condition equations, the dimensionless option of TOPAZ3D can be used to predict current density distributions in electroplating systems. This was illustrated by determining the current density distributions in a modified Hull cell.
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This report summarizes and interprets the results of seven experimental runs with aluminum-chip fluidizedbed anodes performed as part of an aluminum-air battery development program at the Alcoa Technical Center. These experiments tested the feasibility of developing electrochemical power sources fueled by particulate aluminum for propulsion of electric vehicles or for supply of electric power to vital facilities in emergencies or to remote areas under routine conditions.
The reactions involved in the operation of currently developed aluminum-air batteries are [1] [2] [3] Anode: A1 + 4 OH----> AI(OH)( + 3e- [1] Cathode: 02 + 2H20 + 4e----> 4 OH- [2] Electrolyte regeneration: AI(OH)( --> AI(OH)2 + OH- [3] Net over-all battery reaction: 4A1 + 3 02
Competing corrosion reactions at anode:
2H20 + 2e----> 2 OH-+ H2 [5] which together with reaction [1] yields an overall parasitic reaction 2A1 + 6H20 + 2 OH-~ 2AI(OH)( + 3H2 [6] Batteries of this type, in saline media, have been commercialized recently (3, 4) . Progress has also continued in the development of alkaline Al-air batteries for the propulsion of electric vehicles (2, 4, 5) . Replenishment of the aluminum that is consumed in reaction [1] and effective removal of the Al(OH)3 that is formed in reaction [3] are among the main areas where further improvements are needed.
A slurry-type zinc-air power source has been reported in 1975 (6) . There were also several patents issued based on the use of fluidized-bed anodes of more reactive metals (7) (8) (9) . However, the use of particulate aluminum as an electrochemical fuel had not been previously demonstrated. Excessive corrosion in alkaline electrolytes and passivation in weaker media were thought to be problems.
In the following sections, the experimental results are reviewed and interpreted with emphasis on anode polarization and faradaic efficiency yield. This is followed by suggested remedies for the problems encountered in the initial experiments.
Experimental Approach
The aluminum alloys tested were either 0.0025 cm thick household foil containing 99.0% A1 (plus 0.1-0.18% Cu, ~<0.6% Fe, ~<0.2% Si, ~<0.05% Mn, ~<0.05% Mg, ~<0.08% Zn, ~<0.04% Ga, ~<0.05% Ti, and <0.01% Pb + Cd + As) or 0.025 cm thick 99.99% pure A1. Also, as an alternative to 0.5 mM of Pb as an electrolyte additive, 0.0089 cm thick foil containing 99.99% A1 + 6 • 10-4% Pb was used in combination with 0.5 mM each of Ga and In. The selected sheet or foil was sliced into chips having approximate dimensions of 0.16 • 0.5 cm, and a weighed amount was placed in the cell.
The electrolyte used was 6N NaOH or KOH with either of the following additives:
1. 0.5 mM each of Ga, In, and Pb [which are likely to yield surface alloys previously found (10) to yield a high current density, low polarization, and low corrosion rate] or 2. 0.002M of Hg [previously found (1, 11) to strongly reduce corrosion of aluminum in highly alkaline solutions].
To provide a base line, the first experiments were performed without either of these additives (i.e., with pure 6N NaOH or with 6N NaOH + 0.06M Na2SnO3). Except for a preliminary run, all experiments were performed directly with the fluidized anode cell shown in Fig. 1 . The 1 cm deep anode chamber had an area of 86.7 cm 2. An electrolyte diffuser (consisting of a polystyrene manifold having ten evenly spaced 3 mm outlet holes along the lower edge of the cell) was inserted into the bottom of the anode chamber, which lowered the effective electrode area to about 60 cm 2. A no. 80 mesh nickel screen served as the anode current collector. Celgard in front of an Eltech air cathode prevented direct shorting by the aluminum particles. In runs 6 and 7, a second anode current collector was added on the cathode side of the anode chamber in an attempt to lower the anode resistance. Fluidization of the 0.16 • 0.5 cm aluminum chips was affected by adjusting the rate of electrolyte flow through the anode compartment (using a Cole Palmer Model PB-7006-15 centrifugal pump in conjunction with a Variac) so that there was no agglomeration of chips near either the bottom or the top of the cell. The initial adjustment usually
